Environmental, economic and strategic reasons are behind the rapid impulse in the deployment of renewable energy sources that is taking place around the world. In addition to overcoming economic and commercial barriers, meeting the ambitious objectives set by most countries in this field will require the development of novel technologies capable of maximising the energy potential of different renewable sources at an acceptable cost. The use of solar radiation and biomass for power generation is growing rapidly, particularly in areas of the globe where these resources are plentiful, like Mediterranean countries. However, solar energy plants necessarily suffer from the intermittency of day/night cycles and also from reduced irradiation periods (winter, cloudy days, short transients). Biomass power plants have to confront the logistic problems associated with the continuous supply of very large amounts of a relatively scarce and seasonal fuel. Hybrid systems may provide the solution to these limitations, maximising the energy potential of these resources, increasing process efficiency, providing greater security of supply and reducing overall costs.
INTRODUCTION TO CSP AND BIOMASS COMBUSTION PLANTS
Most governments in the world are adopting measures aimed at facilitating the deployment of renewable energy sources. Spain has often been cited as an example in this field owing to the efficiency of its regulatory framework in the development of alternative energy technologies (del Río, 2008) . As a result, this country has become the world leader in solar thermoelectric technology, with six commercial plants currently in operation and 27 plants under construction for a total capacity of 1,037 MWe (San Miguel et al., 2010) .
In Concentrating Solar Power (CSP) plants, electricity is generated by heating a fluid (synthetic oil) to high temperatures (typically over 375ºC) using solar radiation that has been concentrated using mirrors or lenses. The hot fluid is used to produce superheated steam (370-375 ºC, 90-100 bar depending on the characteristics of the Rankine cycle) (Montes et al., 2009 ) that drives a Rankine cycle steam turbine connected to an electricity generator. Different technologies have been developed to concentrate the solar radiation, depending on the required fluid temperature, plant size and capacity. The most widely used are power towers and parabolic throughs (Wolff et al., 2008) . A key drawback in CSP plants relates to the intermittence of its power generation, due to the day/night cycles and also the periods of reduced irradiation (winter, cloudy periods). To overcome this problem, research is being conducted to develop efficient heat storage systems (molten salts, concrete, latent heat) and other energy storage alternatives (pumped hydroelectricity, hydrogen, etc). However, these technologies have been reported to be expensive and/or not sufficiently proven (Palgrave, 2008) .
In contrast, biomass combustion is a mature technology with a large number of power plants in operation worldwide. However, the energy efficiency of this technology is limited and the operating and investment costs are high, resulting in low financial returns (Caputo et al., 2005) . Biomass power plants have been adapted to different fuels (agriculture and industrial by-products, energy crops), with plant capacities typically ranging between 2-50 MWe. The larger plants benefit from comparatively higher energy efficiencies (usually up to 22-23 %) but have to face the challenge of meeting a demand for large amounts of biomass, a resource characterised for its increasing scarcity, high cost and seasonality (López-González et al., 2007) .
TECHNOLOGY ASSESSMENT OF CSP AND BIOMASS COMBUSTION
Both CSP and biomass combustion plants are based on the Rankine cycle where thermal energy is used to generate superheated steam and obtain electricity in a turbine-generator set. Below are described the main elements that make up conventional CSP and biomass power stations and the different specifications.
CSP plants
In Concentration Solar Power (CSP) plants, moving mirrors track the movement of the sun in order to concentrate the solar radiation onto the heating fluid. Different designs have been developed, the most common being parabolic troughs. As illustrated in Figure 1 , the energy contained in the heat transfer fluid (HTF) is transferred to a water feed to generate superheated steam in a multiple stage heat exchange system. This steam is directed onto a turbine generator.
The most important elements in CSP plants are the following:
• The Solar collectors are made up of a supporting structure (to withstand elements), mirrors (where the solar beams are reflected and directed to the absorber tube), absorber tubes (containing the heat transfer fluid -HTF), and the driving systems (to track sun path). The solar system is usually backed up by a natural gas boiler that operates at different rates depending on the degree of solar irradiation.
• The heat recovery boiler is where heat from the HTF is used to generate superheated steam (370-375ºC, 90-100 bar). Most heat recovery boilers consist of several heat exchange stages, including an economizer, an evaporator and a superheater. Depending on the type of plant and cycle optimization, a reheater may be also included.
• Auxiliary equipment: Pumps used in CHP plants need to be specially designed to operate with HTF. Variable Frequency Drives (VFD) are used to control the pumping force that is exerted at every moment, in order to adjust HTF flows to the plant requirements. To keep production during cloudy weather and facilitate the operation and starting off of the solar field at low temperatures, natural gas boilers are used to ensure optimum temperature of the transfer fluid. Figure 2 illustrates the flow diagram of a conventional biomass combustion power plant. The main component in this system is the boiler, which is where biomass is burnt to generate superheated steam. Energy generated in the combustion process is used to heat the feed water (economizer), generate steam (evaporator) and superheat the steam to its final temperature and pressure (superheater). All the components regarding biomass storage and preparation area need to be considered in a technical and economic evaluation of a biomass power plant. However, for ease of discussion and reduce complexity, these will not be specified in this document.
Biomass combustion plant

Common equipment
The thermal nature of the energy employed in both CSP and biomass combustion power plants make these two processes compatible and complementary (Chasapis et al., 2008) , as described below:
• Turbine-generator set, where thermal energy is transformed first into mechanical energy and finally into electricity by means of a power generator. Since the working fluid is the same in both technologies (superheated steam), a unique turbine-generator set may be shared by a hybrid solar-biomass system.
• Common elements in the Rankine cycle: including not only pipes, valves and control devices, but also the condenser, cooling towers and the deaerator.
• Common services: feed water, compressed air and gas supplies, electrical devices and infrastructures are necessary both in CSP and biomass combustion plants. 
ALTERNATIVE CONFIGURATIONS OF A CSP-BIOMASS HYBRID SYSTEM
In CSP and biomass power plants, heat is produced as an intermediate source of energy that is driven to the turbine-generator set for the generation of electricity. This compatibility can be used to design a power plant that uses CSP during the day and biomass during periods of reduced irradiation (night, cloudy periods, transients). Hence, CSP-Biomass combustion hybrid technology relies on the effective integration of a solar collector into the water/steam cycle of a biomass power plant.
Figure 2. Basic process flow diagram of a biomass combustion power plant
As will be described below, the combination of these two technologies benefits from increased overall energy efficiency of the system, reduced investment per unit of power capacity (compared to CSP with molten salts heat storage), and longer operating hours (24 hours a day without the need for relevant heat storage) (Chasapis et al., 2008) . The biomass and the solar thermal Rankine cycles may be interconnected using one of two configurations: substituting the backup natural gas boiler for a biomass boiler; or connecting the solar field and biomass boiler in parallel. These alternatives are discussed below.
Substitution of the backup natural gas boiler for a biomass boiler
In this configuration, shown in Figure 3 , the biomass boiler is designed to heat the HTF coming from the solar field instead of water. As it happened with the original natural gas boiler, this kind of design requires the biomass boiler to have a very efficient dynamic response in order to adapt its working point to the variability of solar irradiation conditions. For this purpose, the biomass boiler usually includes a rapid response natural gas backup system.
Connecting the solar field and biomass boiler in parallel
In this case (Figure 4 ), both the solar and the biomass systems have the capacity to generate superheated steam. Both streams are connected together for increased energy generation. In order to maintain appropriate steam conditions, the volume of water fed through the biomass boiler is adjusted depending on the solar irradiation and the steam generated by the solar field. The biomass boiler operates at different capacities, depending on the solar contribution, to produce a constant electricity output. 
TECHNOLOGY ASSESSMENT OF CSP-BIOMASS HYBRID TECHNOLOGY
The first parameter that needs to be considered in the design of the power plant is power capacity, as both the economics and the energy performance of the plant are sensitive to scale factors. In general terms, larger plants benefit from higher energy efficiencies and take advantage of increasing economies of scale. However, large plants encounter difficulties to ensure a sustainable and stable supply of biomass feedstock. For the purpose of this analysis, a 10MW power plant has been selected as an optimum balance between performance and biomass supply. Although optimum working pressure may be in the order of 90-100 bar for a 50MW power plant, 63 bar were chosen for this 10MW power plant to minimize expenses and technical difficulties.
The plant configuration based on the substitution of the back-up natural gas boiler for a biomass boiler (see Figure 4 ) benefits from easier operation control and also from reduced construction costs, owing to the fact that no natural gas boiler is required. On the other hand, the main disadvantage for this option is the lower performance of the biomass cycle, due to the need to use heat exchangers for the HTF fluid. The boiler substitution configuration will be analysed in this work. From a conceptual standpoint, the key operating conditions of this hybrid plant would involve:
• Whenever possible, the power generation should be based on the CSP cycle, since the fuel (solar irradiation) is free and the operating costs are minimised.
• Natural gas will be used in the biomass boiler to provide primary energy during short transients, such as cloudy weather or transitions between biomass and CSP cycles.
• Biomass combustion will be used during longer periods when solar resource is unavailable, as for example during nights and winter days.
Modelling and methodology
To estimate electric production and simulate the conditions given above, a simplified model has been developed. Thermal production in the solar field has been simulated using the Solar Advisor Model (SAM) from NREL (2008). A quasi-steady model was used to calculate solar field production on an hourly basis. Depending on the thermal production values produced for the solar field, the power required from the natural gas heaters and the biomass boiler were calculated for a steady generation in the Rankine cycle of 10MWe. Differences of production along the year depend on parasitics loads and threshold values for minimum operation of the biomass boiler and auxiliary heaters, which are stated at 25% of nominal operation.
Dynamic responses of the different primary energy resources are not considered in this analysis. Also, full-load operation is considered for all the hours of the year, and performance losses due to partial-load operation should be included in future simulations. Table 1 describes the system inputs, as considered for the simulation the model. . SAM can export a file with the hour production of the solar field. To close the circuit and check the heat and mass balances in the model, the volumetric flow is determined using the following expression:
• : HTF volumetric flow in the solar field.
• : Heat collected in the solar field, based on hourly data. It has been calculated using SAM program from NREL, and using the same parameters as a conventional solar thermal power plant.
• : Aperture length of the solar collector. This value is 5,75m.
• : Loop length. Value: 600m.
• : Number of loops. This value needs to be optimized depending on the ratio production/cost. For this model, 30 loops have been considered.
• : HTF Increase of enthalpy.
•
: HTF density at the mean logarithmic temperature in the Solar Field.
The configuration of the solar field is divided into several loops, which are arrays of solar collector units. Technical details can be seen in (Montes et al., 2009 ) and (Richter et al., 2009) . Loop length is the optimal length needed to increase the temperature of the oil from 292ºC to 392ºC in a loop. Number of loops has been oversized in order to maximize solar field production and to compensate the decrease of the Rankine performance cycle.
Natural gas heaters and biomass boilers
To simplify the modelling of the natural gas boilers, it has been considered that they will only be used during summer, where the solar field produces most of the output power, and the needs of auxiliary heaters to keep working temperatures are minimum. Biomass boilers are used in the same way as natural gas heaters, but since the dynamic response is slower, they will be used during periods of reduced solar irradiation.
The thermal energy produced in these systems is calculated as the difference between the solar field production and the full-load needs, and set to meet the Spanish legislation requirements. The fuel required to obtain the energy calculated with the previous consideration can be calculated assuming a performance of 88% for both systems at the full-load points. The needs for auxiliary fuel are given by the following expression:
where:
• Heat needed for full/load production.
• : Heat collected in the solar field.
• Performance of auxiliary heating system. Value set to 88% for natural gas heaters and biomass boiler.
• Lower heating value of the fuel. The value for biomass is 2800 kcal kg -1 and for natural gas is 10500kcal kg
This value is needed to estimate the fuel consumption needed to heat the HTF that cannot be heated in the Solar Field.
Rankine cycle: electric output
All performance considered is based on steam balances, and the following formula is applied (Kiameh, 2003) : The results obtained from these calculations are given in Figure 5 and Table 2 .
CSP 100%:
BIOMASS 100%: Figure 5 . Detailed process flow diagram for CSP energy production, Biomass energy production and Rankine cycle of a 10 MW hybrid CSP-biomass combustion plant
The Rankine cycle conditions for the CSP, biomass and hybrid configurations are illustrated in Figure 5 and the estimated monthly electrical generation is shown in Table 1 . Based on standard irradiation conditions, the results in Table 1 show a maximum CSP capacity during the summer period (3218 kWh in July), during which time the biomass unit is completely stopped. In contrast, the biomass reaches over 91 % of the energy contribution during the winter months. The overall energy output would remain relatively stable throughout the year at between 5500-7000 kWh. The results in Table 3 show that investment costs per unit power installed are higher for the hybrid plant (6200 €/kW) than for the CSP (5000 €/kW) or biomass (3200 €/kW) technologies. However, the synergies discussed above lead to a 24 % saving from the simple addition of the two standard technologies. 
CONCLUSIONS
A technical and economic assessment of Concentrating Solar Power (CSP) and biomass combustion evidences the complementarity of these two technologies in the generation of electricity. Solar energy plants benefit from the use of a freely available source of energy but suffer from the intermittency of the day/night cycles and also from periods of reduced irradiation (winter, cloudy days). In contrast, biomass power plants are comparatively less expensive to build but have to confront the higher cost and risks associated with the continuous supply of large amounts of a seasonal and increasingly expensive biomass fuel.
This paper provides a preliminary technical and economic analysis of hybrid CSP-biomass combustion plants, as an alternative to conventional CSP and biomass power technology. The results show that investment costs for hybrid CSP-biomass power plants are higher than for conventional CSP and biomass combustion plants alone. However, owing to the shared use of some of the equipment, this value is significantly lower (24% saving) than a simple addition of the investment costs associated with the two standard technologies. In contrast, effective operating hours and, therefore, overall energy generation, have been calculated to be is significantly higher than in conventional CSP (2.77 times higher). Hybridation of biomass also avoids the need for highly expensive heat storage system in conventional CSP. The main advantages in comparison with a biomass plant are: the increase of renewable energy which may be produced in an area and the fact that around 1/3 of total output relays on a free reliable source of primary energy, thus reducing the risk associated with biomass supply.
Finally, the use of common equipment and the combined performance of the two technologies leads to a lower Levelised Cost of Electricity (LCOE) in hybrid plants than the simple addition of the weighted LCOE values obtained from independent biomass and CSP output contributions.
Two critical factors need to be further investigated in order to have a better understanding of the efficiency of hybrid power plants: firstly, the dynamics of the combined system need to be understood and adjusted in order to optimise the functioning of the hybrid plant; secondly, losses derived from the partial-load operation of individual system units need to be determined in order to calculate real energy efficiencies.
